Molds and resists studies for nanoimprint lithography of electrodes in low-voltage polymer thin-film transistors by Cavallari, Marco Roberto et al.
  Universidade de São Paulo
 
2014-05
 
Molds and resists studies for nanoimprint
lithography of electrodes in low-voltage
polymer thin-film transistors
 
 
Journal of Electronic Materials,New York : Springer,v. 43, n. 5, p. 1317-1325, May 2014
http://www.producao.usp.br/handle/BDPI/51322
 
Downloaded from: Biblioteca Digital da Produção Intelectual - BDPI, Universidade de São Paulo
Biblioteca Digital da Produção Intelectual - BDPI
Departamento de Física e Ciências Materiais - IFSC/FCM Artigos e Materiais de Revistas Científicas - IFSC/FCM
Molds and Resists Studies for Nanoimprint Lithography
of Electrodes in Low-Voltage Polymer Thin-Film Transistors
MARCO ROBERTO CAVALLARI,1,5 VINICIUS RAMOS ZANCHIN,1
MARIANA POJAR,1 ANTONIO CARLOS SEABRA,1
MARCELO DE ASSUMPC¸A˜O PEREIRA-DA-SILVA,2,3
FERNANDO JOSEPETTI FONSECA,1,6 and
ADNEI MELGES DE ANDRADE4
1.—Departamento de Engenharia de Sistemas Eletroˆnicos, Escola Polite´cnica da Universidade de
Sa˜o Paulo (EPUSP), Av. Prof. Luciano Gualberto, trav. 3, n. 158, Cidade Universita´ria, CEP
05508-900 Sa˜o Paulo, SP, Brazil. 2.—Instituto de Fı´sica de Sa˜o Carlos - USP, Av Trabalhador
Sa˜ocarlense 400, CEP 13566-590 Sa˜o Carlos, SP, Brazil. 3.—Centro Universita´rio Central
Paulista - UNICEP, Rua Miguel Petroni 5111, CEP 13563-470 Sa˜o Carlos, SP, Brazil. 4.—Instituto
de Eletrote´cnica e Energia da Universidade de Sa˜o Paulo (IEE-USP), USP. Av. Prof.
Luciano Gualberto 1289, Butanta˜, Sa˜o Paulo, SP 05508-970, Brazil. 5.—e-mail: rcavallari@
lme.usp.br. 6.—e-mail: fernando.fonseca@poli.usp.br
A low-cost patterning of electrodes was investigated looking forward to
replacing conventional photolithography for the processing of low-operating
voltage polymeric thin-film transistors. Hard silicon, etched by sulfur hexa-
fluoride and oxygen gas mixture, and flexible polydimethylsiloxane imprinting
molds were studied through atomic force microscopy (AFM) and field emission
gun scanning electron microscopy. The higher the concentration of oxygen in
reactive ion etching, the lower the etch rate, sidewall angle, and surface
roughness. A concentration around 30 % at 100 mTorr, 65 W and 70 sccm was
demonstrated as adequate for submicrometric channels, presenting a reduced
etch rate of 176 nm/min. Imprinting with positive photoresist AZ1518 was
compared to negative SU-8 2002 by optical microscopy and AFM. Conformal
results were obtained only with the last resist by hot embossing at 120 C and
1 kgf/cm2 for 2 min, followed by a 10 min post-baking at 100 C. The pat-
terning procedure was applied to define gold source and drain electrodes on
oxide-covered substrates to produce bottom-gate bottom-contact transistors.
Poly(3-hexylthiophene) (P3HT) devices were processed on high-j titanium
oxynitride (TiOxNy) deposited by radiofrequency magnetron sputtering over
indium tin oxide-covered glass to achieve low-voltage operation. Hole mobility
on micrometric imprinted channels may approach amorphous silicon
(0.01 cm2/V s) and, since these devices operated at less than 5 V, they are not
only suitable for electronic applications but also as sensors in aqueous media.
Key words: AZ1518, SU-8, PDMS, nanoimprint lithography, P3HT,
polymeric thin-film transistor, high-k
INTRODUCTION
In the frame of large area and low cost electronics,
new lithography techniques are under development.
Inkjet printing, roll-to-roll techniques, nanoimprint
and microcontact printing are among those with the
highest potential.1,2 Nanoimprint patterning of
photoresist in order to achieve metal electrodes is
suitable for polymeric thin-film transistors
(PTFTs),3 while the same is valid for doped poly(3,4-
ethylenedioxythiophene) (PEDOT) microcontact
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printing.4 These lithography techniques demand a
mold quality measured by the sidewall angle, etched
depth and surface roughness.5–7
Here, nanoimprint lithography resists—AZ1518
and SU-8 2002—and molds—silicon and poly-
dimethylsiloxane (PDMS)—were investigated in the
frame of polymeric circuits. The patterning proce-
dure was demonstrated for poly(3-hexylthiophene)
(P3HT) transistors, as this is a well-known poly-
meric semiconductor with several reports in the
literature, being already applicable for gas sens-
ing.8,9 Even though charge carrier mobility in these
p-type polythiophene derivatives approaches amor-
phous silicon,10,11 it requires high dielectric con-
stants (j) to make it suitable for electronic
applications. As already demonstrated by our group,
P3HT on titanium oxynitride (TiOxNy) can provide
low-voltage hybrid TFTs but demands shorter
channel length to achieve higher frequency opera-
tion.12 The main motivation is to replace the
conventional lithography (CNP) process of short-
channel transistors for a cheaper, faster and high-
yield technique which allows the processing of
polymeric circuits while remaining compatible to
glass or even polymer flexible devices. Furthermore,
these bottom-gate bottom-contact transistors are
also suitable for sensing in aqueous media, which
can pave the way for many applications such as in
medical diagnosis and beverage analysis by elec-
tronic tongues.
MATERIALS AND METHODS
A master silicon mold was deep etched by sulfur
hexafluoride (SF6) and oxygen (O2) (Union Carbide,
TX, USA) in a reactive ion etching (RIE) system
through a 2-lm AZ1518 (Clariant, NJ, USA) mask.
The system consists of a Plasmalab TTL reactor
(Plasma Technology, Bristol, UK), RFX 600A
radiofrequency generator (Advanced Energy, CO,
USA) and E2M40/EH250 pumps (Edwards, West
Sussex, UK). A few variations of molds were
achieved by changing SF6 and O2 gases proportion
in the reactor, etching pressure (p), plasma expo-
sure time (Dt) and rf power (P), according to Table I.
While the first master molds (A) were isotropic,
subsequently, O2 concentration on the total flow
was varied from 20 to 40 % (B) to investigate etch
rate, profile anisotropy and surface roughness (Rq).
Two separate tests were performed at 30 % of O2
concentration, i.e. an increase of total flow from 70
to 129 sccm (C) and etching pressure from 74 to
100 mTorr (D).
Nano-imprinted positive photoresist AZ1518 (1:4
diluted in its proper thinner) was spun over Si/SiO2
and indium tin oxide (ITO)-covered glass (Delta
Tech, CO, USA) substrates at 3,000 rpm for 30 s,
while negative SU-8 2002 (MicroChem, MA, USA)
at 5,000 rpm (Fig. 1a). The pattern was transferred
at a pressure from 1 to 1000 kgf/cm2 for 1–2 min
(Fig. 1b). In the presence of heating during
imprinting, as substrate temperature varied from
27 to 170 C, the process is called hot embossing.
Commonly performed in AZ1518 photolithography,
a final post-baking at 100 C for 10 min was man-
datory to dry and harden the structures (Fig. 1c).
Polydimethylsiloxane (PDMS, Sylgard 184; Dow
Corning, MI, USA) molds were manufactured from
the Si master. A summary of imprinting experi-
ments is shown in Table II. Produced molds and
patterned materials were investigated by an atomic
force microscope (AFM) Veeco/Bruker Nanoscope 3a
Multimode 3 (NY, USA), a field emission gun scan-
ning electron microscope (FEG-SEM) FEI Nova
Table I. Summary of RIE parameters employed for silicon master mold production
Master mold SF6 (sccm) O2 (sccm) p (mTorr) Dt (min) P (W)
A 30 0 74 0.5–2.0 75
B 56 14 74 2.0 65
49 21
42 28
C 90 39 74 2.0 65
D 49 21 100 2.0 65
(a) (b) (c)1 – 103 kgf/cm2
Hot Embossing (27 – 170 ˚C) 100 ˚C
Fig. 1. Nanoimprint lithography: (a) photoresist spin coating over Si substrate; (b) imprinting with Si or PDMS mold; (c) post-baking.
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NanoSEM 400 (OR, USA) and optical microscopy. In
this work, all gold source and drain electrodes were
patterned on glass substrate according to experi-
ment III in Table II. Even though not demonstrated
here, this substrate was employed due to the pos-
sibility of gate electrode patterning by the same
lithographic process.
Bottom-gate and bottom-contact PTFTs were
produced on glass/ITO substrates. Prior to dielectric
deposition, substrates were cleaned on ultrasonic
baths of acetone (20 min) and isopropyl alcohol
(10 min), with intermediate rinse in ultra-pure
water. TiOxNy (j = 40 ± 2) was deposited by rf
magnetron sputtering according to Ref. 12. A 3-inch
diameter and 99.995 %-pure titanium target (Kurt
J. Lesker, PA, USA) was bombarded under a flow of
60 sccm argon (Ar), 20 sccm nitrogen (N2), and
20 sccm O2. A pressure of 10
7 Torr was firstly
achieved in the reactor through a Edwards turbo-
molecular vacuum system (STP 1003C/E2M8),
while during deposition and plasma formation it
stabilized around 1.3 9 103 Torr. The achieved
deposition rate of the dielectric film was (13.3 ± 0.4)
A˚/min under 150 W and 13.56 MHz. Titanium
adhesion promoting film (5 nm) and gold source and
drain electrodes (100 nm) were obtained by lift-off
after electron beam physical vapor deposition
(PVD). Channel width/length (W/L) ranged from 55
to 275 for L from 4 to 20 lm. P3HT (regioregulari-
ty >95 %, Mw = 10–35 kDa, Mw/Mn = 2.0; ADS,
Quebec, Canada) in 3 mg/ml chloroform solutions
were agitated for 24 h, 1 lm-filtered and spun at
3,000 rpm for 30 s. Samples were then heated at
70 C in low vacuum during 90 min. Semiconductor
coating was performed on hexamethyldisilazane
(HMDS) vapor-treated dielectric and produced a
thin-film of 50 nm. TFTs were characterized
through an Agilent 4156A semiconductor parameter
analyzer (CA, USA), held at room temperature in
darkness and exposed to the atmosphere. AFM as in
Ref. 13 and an Alpha step 100 profilometer (Veeco)
were employed to extract thin-film thickness.
RESULTS
Initial tests consisted in silicon hard mold imprint
of AZ1518 at room temperature under a pressure of
10 kgf/cm2, according to experiment I of Table II.
Whereas imprinted structures were not visible on
an optical microscope, in the second test contact
pressure was increased to 1,000 kgf/cm2. Never-
theless, the non-uniformly applied pressure pro-
vided a depth of only 20–40 nm, when moving from
one side of the sample to the opposite side. Even
though the time interval of contact was limited to
1 min, in both cases, the photoresist partially
attached to the Si mold. After changing to PDMS
flexible mold (exp. III in Table II), the best result
employing AZ1518 was achieved with 2 kgf/cm2
for 2 min, while heating the substrate at 120 C.
Table II. Summary of photoresist imprinting experiments
Exp. Mold Resists Substrate p (kgf/cm2) Ti ( C) Dti (min) Tf ( C) Dtf (min)
I Si AZ1518 Si/SiO2 10 27 1–2 100 10
II Si AZ1518 Si/SiO2 1 000 27 1–2 100 10
III PDMS AZ1518 SU-8 2002 Glass/ITO 2 120 2 100 10
IV PDMS AZ1518 Glass/ITO 2 27 2 100 10
V PDMS AZ1518 Glass/ITO 2 170 2 100 10
VI Si SU-8 2002 Glass/ITO 1 27–120 2 100 10
VII PDMS SU-8 2002 Glass/ITO 1 27–120 2 100 10
(b)
100 µm100 µm
2 mm
(a)
Fig. 2. Optical micrographs of imprinted resists: a AZ1518; b SU-8. Inset TFT source and drain electrodes mask with W = 1.1 mm and L from 5
to 20 lm.
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Optical micrographs for resists AZ1518 and SU-8
2002 are shown in Fig. 2. From these images, the
contour of imprinted positive photoresist does not
seem conformal to flexible mold pattern.
The AFM tridimensional profile given in Fig. 3
confirmed the better result for negative photoresist
SU-8. Surface image and RMS roughness (Rq) are
shown in Fig. 4. Rq increased from 1.14 in Si to
2.54 nm in PDMS molds, which was copied to SU-8
(2.19 nm). Pristine AZ1518 surface presented
0.42 nm, while the roughness of imprinted surfaces
could not be estimated. Changing PDMS imprinting
temperature (Ti) for AZ1518 provided no pattern on
an optical microscope: (1) no images at room
(a) (b) 
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Fig. 3. 3-D images of imprinted resists: (a) AZ1518 and (b) SU-8 from PDMS molds.
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Fig. 4. AFM surface characterization of (a) Si, (b) PDMS, (c) AZ1518, and (d) SU-8.
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temperature (exp. IV), while (2) damaged resist at
170 C (exp. V). Finally, by changing Ti from 27 C
to 120 C and mold for lithography with SU-8 2002
at only 1 kgf/cm2 for 2 min, an electrode pattern
was transferred to the resist either with Si or PDMS
mold in the whole temperature range. Nevertheless,
after post-baking at 100 C, pattern contour was
smoothed and imprinted depth reduced for Ti £ Tf.
The PDMS stamp necessary for patterning the
gold electrodes was obtained by replica molding of
the previously shown flexible molds. Due to the
attachment of one mold to another, HMDS surface
treatment of the PDMS master was mandatory. To
that end, the surface was prepared by an O2 plasma
treatment under 100 mTorr, 100 W and 50 sccm in
1 min before HMDS spin coating at 3 krpm at 30 s.
The same etching parameters were employed to
remove the SU-8 resist residue in the imprinted
areas. Etch rate was determined to be (143 ± 1)
nm/min for both resists in a 6-min process. Longer
etching times provide lower SU-8 etch rates, as it
becomes clearly non-linear after a few minutes.
Gold source and drain electrodes in Fig. 5 were
patterned in a potassium iodide water solution.
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Mold quality was studied by etch rate, sidewall
angle, RMS roughness (Rq) and normalized profile in
Fig. 6. According to Table I, the reference mold A
was processed under isotropic SF6 RIE at 74 mTorr,
75 W and 30 sccm. Anisotropic etching required the
increase of O2/[SF6 + O2] flow ratio from 20 to 40 %
at 65 W (molds B to D), as mold C was produced at a
higher flow while D at a higher pressure. However,
adding O2 to the etching process, while necessary for
a better control of Si etch rate, also implied a reduced
sidewall angle and rougher surface. AFM surface
characterization of Si molds obtained in the presence
of O2 and SF6 gas mixture is provided in Fig. 7.
FEG-SEM images taken after tilting stage by 60º
are shown in Fig. 8. The patterned line by RIE
determines the effective channel length from the
5-lm mask value.
P3HT bottom-gate bottom-contact TFT charac-
teristics are shown in Fig. 9. According to the
IDS 9 VGS plot in Fig. 9b, current modulation (ION/
OFF) improved from (85 ± 12) to (325 ± 56),
subthreshold swing (S) from (1.7 ± 0.2) to
(1.4 ± 0.3) V/dec., threshold voltage (VT) from
(1.5 ± 0.3) to (1.1 ± 0.3) V and even hole mobility
(lh) from (0.003 ± 0.001) to (0.008 ± 0.004) cm
2/V s
due to a channel length (L) decrease from 20 to 4 lm.
DISCUSSION
AZ1518 Versus SU-8
More conformal and adequate results were
achieved with SU-8 2002, a well-known negative
photoresist from MicroChem. It does not suffer from
excessive hardening at high temperatures, does not
attach to nanoimprint mold and does not require
high pressure such as 1,000 kgf/cm2. A previous
study from Nakamatsu et al.14 demonstrated that
AZ1500 series photoresist requires high pressure
(10 MPa), high temperature (150 C) and attaches
to the mold. According to Kang et al.,15 hydrogen
silsesquioxane (HSQ) at room temperature can be
patterned by a 40-MPa press without damaging the
underlying AZ film. The boundary effect shown in
Fig. 3a can be described as a ‘‘resist wave’’ that froze
little after being generated by the press contact. It
can be understood as a non-linear effect due to local
strain hardening and plastic yield stress in the
contour as regions far from the embossing contact
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Fig. 7. AFM surface characterization of Si molds from (a) 20, (b) 30 and (c) 40 % O2/[O2 + SF6] flow ratio at 74 mTorr and 65 W for 2 min.
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region seem not to ‘‘sense’’ the applied pressure.
The phenomenon is explained in figs. 1, 6 and 12 of
Ref. 16. Otherwise, if the border of an imprinted
pattern is hardened, then resist material under
pressure far from the contour is not able to flow, as
it is blocked by a hardened resist ‘‘wall’’ in the bor-
der.
SU-8, on the other side, can be imprinted by hot
embossing, and combined with CNP even at room
temperature.17,18 Although our microelectronics
laboratory uses AZ1518 for micrometric conven-
tional transistor lithography and etching mask,
SU-8 was demonstrated to be the most suitable for a
cheaper and faster imprinting approach. However,
pattern transfer temperature (Ti) must be higher
than the post-baking one (e.g. by 20 C) to avoid
contour smoothing and imprinted depth reduction
over time.
PDMS molds were also essential for a higher
quality pattern transfer at low applied pressure due
to its flexibility. A direct comparison to Lee and
Kim’s19 work on an isostatic pneumatic press can be
Fig. 8. FEG surface characterization of Si molds from (a) 0, (b) 20, (c) 30 and (d) 40 % O2/[O2 + SF6] flow ratio.
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made to explain the conformal results of PDMS
against silicon molds. Finally, the O2 plasma etch of
resist residue after imprinting could be replaced by
the combined nanoimprint and photolithography
(CNP).20
Mold Main Parameters Versus O2/[O2 + SF6]
Flow Ratio
Si etch rate decreases from 1.60 ± 0.34 lm/min to
even 70.5 ± 1.8 nm/min due to an increase in total
flow, pressure and O2 concentration. On the other
hand, AZ1518 photoresist etching mask is more
sensitive to O2 presence, varying from 38.9 ± 4.9 to
202 ± 5 nm/min. Sidewall angle apparently
decreases from 63.2 to 32.3 with an increase in O2
concentration. Roughness decreases for higher flow,
pressure and O2 concentration. The best result was
achieved at 74 mTorr, 65 W, 130 sccm and 30 % O2
with 3.16 nm, while the worst was at 20 % O2 with
15.9 nm. Taking into account the sidewall angle at
30 % O2, it would be better to only increase the
pressure to 100 mTorr, which provided a 5.15-nm
roughness and more than twice the anisotropy.
Under these latter etching conditions, an effective
channel length (Leff) limit around 400 nm can be set
while maintaining etching time, mask value (Lmask)
and aspect ratio (vertical over lateral etch) around
2.25 min, 1 lm and 1:1, respectively. According to
Stewart et al.,21 the lowest acceptable and realistic
soft Sylgard 184 PDMS dimension lies around 1 lm.
In this case, the latter parameters become 5.5 min
and 2.5 lm for the same aspect ratio.
The more adequate sidewall shape for high O2
concentration was confirmed through AFM profiles
in Fig. 6d and FEG-SEM images in Fig. 8. The
lower etching rates are also desirable for a better
control of etched depth and to achieve submicro-
metric structures. These results are comparable to
conventional SF6/O2 RIE results.
5 The parallel plate
tool driven by a single rf generator was chosen
because this type of system is a standard tool used
in CMOS processing foundries. Figueroa et al.6
provided similar justification but aimed for vias
etched fivefold longer and deeper. High anisotropy
for nanometric channels (<100 nm) could be
achieved by more complex processes, such as Bosch
and cryogenic deep RIE methods for silicon.7
Thin-Film Transistor Performance Analysis
Deviation in TFT electrical parameters was
mainly due to dispersion in channel length
(±0.5 lm), oxide thickness (±5 nm) and semicon-
ductor thickness (±10 nm) across the sample. As
imprinting resists and P3HT were deposited by spin
coating, a thicker film on the border of the substrates
was expected. While channel length was affected by
changes in the thickness of resists, an increase in
semiconductor film was responsible for an overall
increase in transistor current (ID) and decrease in
modulation. In contrast, homogeneity in perfor-
mance was mainly due to O2 plasma and HMDS
treatments on the dielectric surface prior to P3HT
deposition, as transistor performance is largely
dependent on defects at the dielectric/semiconductor
interface and active layer morphology.22,23
Mostly as a motivation for the application of
imprint lithography into the production of micro-
metric or even submicrometric channels in poly-
meric circuits, transistor performance in Fig. 9b
demonstrates that a reduction in L can increase
the charge carrier mobility and reduce bias volt-
age. This phenomenon is a consequence of: (1) a
reduction in grain boundaries as channel length is
reduced and approaches the size of microcrystals;
and (2) a shorter trapping time by a reduction in
barrier height.24 The latter is a result of the
Poole–Frenkel effect, which is generated by an
increase on the planar electric field from source to
drain. Charge carrier mobility in these TFTs are
comparable to previously reported results,10,11,25
but the low operating voltage indicates a possi-
bility to function in aqueous media for sensing
applications such as medical diagnosis and bever-
age evaluation by electronic tongues.8,9 Further-
more, TFTs with microimprinted electrodes may
operate at higher frequencies, due to reduced L
and higher l, which is necessary for producing
potentially competitive low-cost polymeric devices.
Nevertheless, improvements in charge carrier
mobility on TiOxNy-covered glass substrates might
be possible by changing the semiconductor depo-
sition technique, such as casting,26 or just by
employing solvents with a higher boiling point
such as trichlorobenzene.23
CONCLUSIONS
Imprint lithography is only possible with SU-8
2002. It allows the patterning of source and drain
electrodes in bottom-gate bottom-contact polymer
thin-film transistors. Charge carrier mobility in
p-type polythiophene derivatives approaches amor-
phous silicon (102 cm2/V s) for micrometric
channel length, while high-j TiOxNy deposited by
radiofrequency magnetron sputtering provides sig-
nificant reduction in operating voltage. These poly-
mer devices are not only interesting for electronics
but also for sensing in gaseous and aqueous envi-
ronments. The patterning technique is applicable to
any substrate with a deposition-compatible inor-
ganic oxide, such as glass/ITO, glass/Ni:Cr/Au or Si
covered with SiOxNy or TiOxNy.
On the other hand, positive photoresist AZ1518
presents several problems such as: (1) sticking to
the mold after 1 min contact, (2) high imprinting
pressure as 1,000 kgf/cm2 from hard Si mold, (3)
hardening in less than 2 min through photoresist
baking above 120 C, (4) almost no flow due to
compression (‘‘resist wave’’ shape on the contour)
and, finally, (5) heterogeneous imprinted depth
from Si hard mold. The best ‘‘recipe’’ demands a hot
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embossing at 120 C and 2 kgf/cm2 for 2 min from a
flexible PDMS mold. Submicrometric channels can
be produced by choosing an adequate O2 concen-
tration in a conventional RIE process with SF6. A
concentration around 30 % at 100 mTorr, 65 W and
70 sccm is estimated to be the best for achieving
400 nm channel length with 176 nm/min etch rate,
53 sidewall angle and 5.2 nm RMS roughness.
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